Abstract-A linear, statistical model is described which predicts the power spectrum of measured noise in bulk-demagnetized (i.e., acerased) thin-film magnetic recording media. It is shown that the noise is the result of magnetic flux which is ascribed to erasure-induced transitions dofig the track length in the medium. The noise power spectrum for a rigid disk medium is shown to correspond to the power spectrum of Poisson-distributed induced transitions along the track length, while noise along the track width is sufficiently described in terms of a uniform, average magnetization with small variance. Experimental data from two thin-film disks are used with the model to estimate the Poisson parameter for each disk. It is demonstrated that dc-erased noise from particulate media can be considered as a limiting case of the Poisson model.
I. INTRODUCTION REVIOUS WORK has shown that ac-erased noise in
P particulate media can be represented as a white noise process at the input of the magnetic recording channel [ 13, [2] . Signal-dependent noise has been considered with a variety of analyses for particulate [3] - [6] and thin-film disks [7]-[ 111. Noise due to reverse dc-erase processses has also been observed I121 and analyzed [13] using a recording theory approach. It has also been observed that ac-erased noise power in thin-film disks is greater than dcerased noise power.
The purpose of this work is to show that ac-erasureinduced noise along the direction of the track length in both thin-film and particulate magnetic recording disks can be treated as a response to a statistical process, where the noise statistics along the track width may be assumed to be uniform. The noise measured along the track length cannot be explained 'simply as a white-noise process in thin-film disks, but can be explained by using some more general process. It is shown that a Poisson process accurately describes the observed power spectra. The Poisson parameter is estimated experimentally herein for two thinfilm disks. The Poisson model should assist in a better Manuscript received October 26, 1987; revised March 1, 1988. R. R. Katti understanding of the noise from thin-film disks, with the Poisson parameter serving as a useful measure in evaluating the uniformity of the media.
11. PHYSICAL MODEL It is assumed in the model that a recording head detects flux which emanates from transitions which occur along the track of a disk, where a transition is defined as a source of diverging magnetization. A readback channel is assumed to exist which differentiates the flux from the magnetization pattern and which introduces readback losses before producing an output signal. This process is depicted schematically in It is assumed that the bandwidth of the signal amplifiers is significantly greater than that of the recording head, so that the frequency-dependent effects of the amplifiers are negligible and that the dominant sources of frequency-dependent effects are the head, medium, and head-medium interface.
The model assumes for thin-film media that variations in coercivity exist in +e film such that regions of reversed magnetization (e.g., ensembles of domains) can be formed in typically high-squareness material on the basis of variations in applied magnetic fields. Consider a longitudinally oriented, alternating erase field with a decaying envelope, as shown in Fig. 2 . Shown also in the figure are two adjacent regions with opposing magnetization, numbered (1) and (2), with given magnetizations and slightly different coercivities, numbered H,, and HC2. Since a decaying, alternating erase field reverses polarity during each half-cycle, then a sufficiently large peak field amplitude (compared to the coercivity) in one direction should align the magnetization of the two adjacent regions, and a diminished but still large peak field amplitude in the opposite direction a half-cycle later should reverse the magnetization of both regions. This behavior is illustrated in the first two half-cycles in the figure, and is useful in depicting the lower noise, dc-erased state. It is noted that the low noise level in the dc-erase state is taken to mean that variations in 47rMR are negligible.
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channel to produce the ac-erasure-induced noise. Derived medium. Variations in the matrix of magnetized regions along the width of the track to reduce the net flux seen by the recording head (which has a nominal width) from that corresponding to saturated magnetization to that of some smaller value of magnetization, since some magnetized regions point in one direction and others point oppositely.
Since the recording head is detecting an average value of flux, the statistics along the track width are assumed to be uniform.
Variations in the matrix of magnetized regions along the track direction produce minute transitions that occur with a pattern which is characteristic of some statistical distribution. Such induced transitions produce demagnetizing fields which induce a signal in the recording head. The absolute value of the magnetization between transitions can initially be considered as a random variable that assumes values between zero and the saturation value of the magnetization. A conceptualization of the ac-erasureinduced transitions and the corresponding magnetization pattern, m ( t ) , is shown in Fig. 3 For some particular envelope decay rate, a peak field amplitude with sufficiently large amplitude will arise where the peak field amplitude in the next half-cycle will have some amplitude between the two coercivities of the two regions. This is illustrated in Fig. 2 with the second and third half-cycles. At this point, a transition is induced between the regions, and it is assumed that these magnetized regions do not demagnetize themselves. If the field continues to decay at a sufficiently rapid rate so that the magnetized region that has most recently reversed will not reverse again (or, alternatively, if the field diminishes so that an odd number of reversals occur), then the transition will be maintained. This sequence is shown in the third, fourth, and fifth half-cycles.
Magnetized regions, with magnetization directed parallel to the track (i.e., parallel to the applied erase field direction), are assumed to be distributed throughout the of m ( t ). The autocorrelation function is defined by R,(T) = E { m ( t ) m ( t + T ) } (1) where E { } denotes the operation of statistical expectation.
The random process m ( t ) represents the input magnetization pattern. The function m ( t ) may assume values in the interval [ -Ms, +Ms], where M, is the saturation value of the magnetization. The value of m ( t ) is assumed to be constant between transitions, as shown conceptually in Fig. 3(b) . The absolute value of the magnetization between transitions is a random variable M , which can take on values in the interval [0, M , ] . Let E{ M } and V { M } denote the mean and variance, respectively, of this random variable.
The transitions which define m ( t ) are assumed to occur with an average frequency of X transitions per second. It is now assumed that the positions at which these transitions occur form a Poisson point process [ 141 with parameter A. The justification for this assumption is that the probability of having more than one transition in an interval of length dt tends to zero faster than dt tends to zero, since it is not possible for more than one transition to occur at a given time [14]. It is noted that the Poisson assumption is borrowed from a similar analysis that has been done in the past for random telegraphic signals [ 141. The probability that the number of transitions equals k in an interval of duration t is given by
To continue this analysis, it is assumed that m ( 0 ) is positive. Then, m ( t ) is positive if the number of transitions in the time interval (0, t ) is even. Similarly, m ( t ) is negative if the number of transitions in ( 0 , t ) is odd. Hence, the following probabilities are obtained:
and = e -h sinh (~t ) .
(4)
Using (3) and (4), the statistics of the random process m ( t ) are now derived. The expected value of the random process m ( t ) is decomposed into the following expression:
Since m( 0) was assumed to be positive, E { m ( t ) } is positive. If m (0) were assumed to be negative, E { m ( t ) } would be precisely the negative of the value in (5). Since
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ability, it follows that m ( t ) is a zero-mean random process.
The function E { m ( t ) m ( t + 7 ) } is now evaluated. If there are no transitions in the interval [t, t + 71, then m ( t ) and m ( t + 7 ) are the same random variable. It is assumed that when a finite number of transitions occurs between t and t + 7, the random variables m ( t ) and m ( t + 7 ) have magnitudes which are uncorrelated; only the signs of these random variables are correlated.
It is shown in the Appendix that the autocorrelation function of m ( t ) can be expressed as the sum of two decaying exponentials R m ( 7 ) = V { M } e -h 1 r 1 + E { M } 2 e -2 A 1 r 1 . ( 6 )
Taking the Fourier transform of R,,, ( 7 ) with respect to 7, the power spectral density S,,, ( 0 ) of the random process m ( t ) is written as
Equation (7) defines the power spectral density of the Poisson input sequence m (t). The erasure-induced noise measured at the output is the response of the magnetic recording channel to the input sequence m ( t ). A Lorentzian pulse shape model [15] is used here to represent the inductive magnetic recording channel. The response of the magnetic recording channel to an idealized transition is a Lorentzian pulse given by
where 2u is the PWso of the pulse [ 161, and A is the amplitude factor.
The Fourier transform of r ( t ) is the decaying exponential given by
~( w )
= 2 7 r~e -~l " l .
The term R ( w ) broadens and reduces the amplitude of idealized transitions, and represents the channel loss response. The function used on the right-hand side of (9) can equivalently be deduced as the Fourier transform of the Karlquist head field, for recording heads with small gap lengths such as those used here.
The magnetic recording channel under consideration here includes the spacing and transition loss terms in the parameter u, so that (8) can be considered as the response of an idealized normalized transition which bounds negatively saturated (with normalized amplitude -1) and positively saturated (with normalized amplitude + 1) regions. Hence, the channel transfer function H ( w ) , which is the Fourier transform of the impulse response of the channel, is given in terms of R ( w ) as
The power spectral density of the noise at the output of m (0) can be either negative or positive with equal prob-the magnetic recording channel with m ( t) as input is then ( 1 1 )
IV. EXPERIMENTAL METHOD
To conduct the experimentation, magnetic recording disks were mounted on a magnetic recording test stand and subjected to erasure and/or signal writing, and the signals and noise were read, amplified, and detected. A schematic of this system is shown in Fig. 4 . The characteristics of the recording head are given in Table I , and the characteristics of the media are given in Table 11 . Recording head signals were amplified with an NE592 preamplifier and an HP8447A buffer amplifier, and the signals were detected with an HP8568B Spectrum Analyzer. The spectrum analyzer used heterodyne detection and swept a narrow-bandwidth, analog filter across a wider frequency band to measure the root-mean-square (rms) voltage as a function of frequency. The rms voltage measured with the spectrum analyzer is proportional to the square root of the power spectral density [lo] , so that the following function was measured:
The measured spectra were then digitized to accommodate storage and data processing. The settings for the spectrum analyzer that were used are given in Table 111 .
The channel response as a function of frequency was measured for each disk and recording head combination, to estimate the parameters a and u. To measure the amplitude factor a, saturated, NRZI-All-1 patterns were written, where the write current to the recording head was optimized for transitions written at 1 .O MHz, and the rms voltage amplitude of the fundamental was measured with a spectrum analyzer. The transition parameter u was measured by measuring the half-width of isolated pulses in the time domain from a 100-MHz Tektronix 2235 oscilloscope, as shown in Fig. 5 . This value of u will be denoted as upws0. To check for consistency in measuring u, the spectrum for jitter noise in thin-film media, as defined by Belk et al. [8] , Madrid et a1. [lo] , and Moon et al.
[ 113 , was also measured. Since the jitter noise spectrum, which comprises the broad-band modulation noise spectrum, should match that of the channel, the value for the transition parameter, defined here as ujjltter, can also be measured in this way. By writing an NRZI-All-1 pattern as discussed above, the resulting jitter noise signal spectrum can be measured on a spectrum analyzer. jitter noise spectrum, along with a portion of the fundamental signal, is shown in Fig. 6 for a thin-film disk. The power spectrum of the channel loss response was separately measured by reading an NRZI-All-1 's pattern. A square-wave pattern composed of isolated transitions was written at 250 kHz. The measured power spectrum is shown in Fig. ll(b) .
The bulk-ac-erasure-induced noise response was measured by using a decaying ac magnetic field to bulk demagnetize the disks, and by using a spectrum analyzer to measure the amplified noise voltage read by the recording head. Thin-film and particulate disks were subjected to ac magnetic field erasure by an electromagnet shown schematically in Fig. 7 . The erasure waveform was a computer-controlled, 0.5-Hz sinusoid which had an envelope that decayed linearly at the rate of 7 Oe/s. Unless noted otherwise for erasure induced with a recording head, it will be assumed that ac-erasure was achieved in the bulk due to this type of procedure. After ac-erasure, the signals were read, amplified, and detected with the spectrum analyzer. Background noise voltage due to the electronics, recording head, and stray sources was subtracted digitally from the ac-erasure-induced spectra, so that the presented data reflect channel-modified media noise.
The head-ac-erasure-induced noise response was measured as above, except that an ac magnetic field from a recording head was used to demagnetize the disks locally. The frequency of the erase current was 8.0 MHz, and the head was passed in contact along the track at a rate of approximately 1 .O cm/s. These values were chosen since they produced an envelope for the ac-erase waveform which decayed at a rate of approximately 5 Oe/cycle for magnetic field values near the coercivity, assuming the Karlqvist approximation [ 171 to represent the head field and the head field gradient.
V. EXPERIMENTAL RESULTS
The measured, bulk-ac-erasure-induced noise for thinfilm disk A is shown in Fig. 8(a) . A curve fit to (12), using the parameters given in Table IV , is shown in Fig. 8(b) . A normalized plot of the channel response as given by (10) is shown in Fig. 8(c) , for the parameters given in Table IV . The measured noise responses, curve fits, and peak-normalized channel responses for thin-film disk B and particulate disk C are shown in Figs. 9 and 10, respectively.
The measured channel loss response corresponding to R ( w ) is shown in Fig. ll(b) . Since the vertical scale is in decibels and the horizontal scale varies linearly with frequency, the envelope of an exponential function, as indicated in Fig. ll(a) , will appear as a straight line. It is observed that the envelope of the measured data deviates from the envelope corresponding to the ideal Lorentzian channel at a frequency in excess of 5 MHz. These losses represent additional losses due to the recording head.
The measured, head-ac-erasure-induced noise for thinfilm disk A is shown in Fig. 12 . A curve fit to (12), using the parameters given in Table IV , is also shown in Fig.  12 .
VI. DISCUSSION A comparison between the measured noise data for thinfilm disks in Figs. 8 and 9 and (12), which is favorable for the most part, reveals the following observations in the four frequency bands corresponding to low, moderate, moderately high, and high frequencies. At low frequencies, a linear dependence is exhibited between voltage and frequency, so that the response of an ideal recording head is realized. At moderate frequencies, a peak occurs in the noise spectrum, and the frequency of the peak is less than that predicted simply by the channel. The ac-erasure-induced noise therefore does not follow the statistics of a white-noise process, but does correspond to a Poisson process with parameters given in differentiation is canceled by the inverse-frequency dependence of the Poisson process, so that the output follows the channel loss response. At high frequencies, the noise spectrum predicted by the model deviates from the measured response. The discrepancy occurs because the measured channel response deviates from the idealized Lorentzian representation used in the present analysis. This feature is observed by com- paring the difference in the channel response predicted by jitter noise against the idealized Lorentzian channel response, as shown in Fig. 6 . Note that the frequency where the actual and idealized channel responses deviate in Fig.  6 is close to the frequency in Fig. 8 where a similar deviation occurs. Further, the measured spectrum of a sequence of isolated transitions is shown in Fig. ll@) , where the vertical scale in the figure is given in decibels so that a linear envelope as shown in Fig. ll(a) for odd harmonics corresponds to Lorentzian pulse shape behavior. Isolated pulses were used so that this loss response does not reflect the effects of nonlinear intersymbol interference (e.g., partial erasure [l 11). The envelope, as defined by the amplitude of the fundamental and the odd harmonics of the measured spectrum is linear for frequencies up to 5 MHz, after which the measured response decreases significantly. The frequency of this breakpoint coincides with the frequency in Fig. 8 where the ac-erasureinduced noise response deviates from the calculated response. Hence, the discrepancy observed in Fig. 8 is not due to any fundamental flaw in the Poisson model, and using a more accurate head representation to account for the added bandwidth losses should extend the capability of the model described by (1 1).
Curves were fitted to the data shown in Figs. 8 and 9
with respect to the parameter u, using the moderately high frequency region. It is noted that u, which is approximately d + a where d is the head-medium spacing and u is the recording-transition parameter, for an ac-erasureinduced transition equals the recording-head-induced transition parameter when the width of the transition is governed by self-demagnetization. The data indicate that values for ufitted for ac-erasure-induced noise agree with ujitter, as shown in Fig. 6 , so that the jitter-noise recording-transition width equals the ac-erasure-induced noise recording-transition width. Further, ufitted is approximately equal to ~p w 5 0 so that the transition widths of the recorded and induced transitions appear to be limited by self-demagnetization and not limited, for example, by head-field gradients.
Curves were fitted to the data with the model with respect to frequency of the peak response, to obtain values for A, E { M } , and V { M } . It is noted that the coefficient CY was defined by the channel at low frequencies, and that u was defined as above, so that A, E where S ( wi ) is the function given by (12) and D( wi ) is the function containing the noise data as shown in Figs. 8 and 9. The sums were computed at discrete frequencies wi, since the data were digitized as a discrete function of frequency, over the frequency band where the data and (12) were in agreement, i.e., from dc to 5.0 MHz.
The correlations were performed by first setting V { M } = 0, and determining p as a function of A. The peak values of p ( h ) provide the best estimate of X, A, , , , as shown in Table IV . Correlations in excess of 0.9987 were obtained, suggesting that the contribution of the variance is minimal. The ratio of the two sums in the denominator of (13) then provided an estimate for E { M } . Using these values of X and E { M } , the function S ( w, ) was computed and subtracted from D (ai ), producing a function r ] , which should contain the variance-dependent component. A correlation was then performed on r] using (12) and (13) for E{ M } = 0. However, a peak in p ( X) was not observed at 0.5 hest, as would be expected. The noisiness of the data may have limited the ability to estimate the minute variance. Future work would involve devising and completing a suitably sensitive experiment to allow the variance, if any, to be estimated. For the present, the value of the variance is taken to be zero. Under this condition, the random process m ( t ) appears as a binary process.
The value of X for these thin-film disks is in the range of 2 to 4 MHz, indicating that this is the expected value for the frequency of the ac-erasure-induced transitions.
Further, the model uses the value of h to define the frequency of transitions between magnetized regions of differing coercivity. Hence, it is inferred that the variation in coercivity within each magnetized region is negligible, and that the parameter X can be used as a measure of the uniformity of the medium.
The curves fitted for E { M } (where the V { M } term is neglected) agreed well with the data, showing that although Poisson statistics are needed to describe the noise statistics along the track direction, it is sufficient to invoke the concept of an average magnetization to describe the measured noise statistics along the track width. The value of E { M } due to the averaged transitions induced by the ac-erasure process was smaller than the signal amplitudes which are due to saturated transitions by a factor approaching one thousand. The small value of E { M } implies that only relatively small amounts of net flux, compared to the flux which can be made to reach the head, are reaching the head. This small value of E { M } could be due to the overall cancellation of oppositely directed components of the longitudinally directed flux, or could be attributed in part to the occurrence of flux closure in the medium. Hence, while the model is seen to represent accurately the readback flux, the model may or may not be representing the actual state of the magnetization throughout the disk. This does not suggest that the model in itself is incorrect, but is rather a statement about the nature of Reciprocity and Riemann Integrals. By Reciprocity, given a magnetization distribution and a head field representation, a single flux and, hence, signal distribution may be created; but a given flux distribution and a head field representation do not, in turn, uniquely determine the magnetization. The small value of variance V { M } is attributed to the effect of the Central Limit Theorem, in that the width of a recording head senses a large number of magnetized regions at any instant in time. Since the variance sensed by the recording head is the variance of individual magnetized regions divided by the number of magnetized regions, it is reasonable that the measured variance would be quite small.
It can be seen from (11) that under the limiting condi-tions of either very large u or very large A, S, ( a ) is constant with respect to H ( a ) . Hence, under these limiting conditions, the noise from erasure-induced transitions behaves like white noise at the input of the recording channel. The ac-erasure-induced noise for a particulate disk C is shown in Fig. 10(a) . A curve fit simply to the response of the channel is shown in Fig. lO(6) . The similarity of the fit to the data indicates that the ac-erasure-induced noise indeed appears as a white-noise process [ 11, [2] or as a Poisson process with a large Poisson parameter whose lower bound can only be estimated. This estimate for X is based on assuming that the value of X is sufficiently large so that 4X2 + a 2 , in (7), between dc and some maximum frequency, e.g., 5.0 MHz, changes by less than some amount, e.g., 10 percent. Such an estimate suggests that h for particulate disks is at least a factor of ten greater than X for thin-film disks as indicated in Table IV , and corresponds to dimensions on the order of or less than the particle size.
The ac-erasure-induced noise for thin-film disk A was measured additionally for when the erasure was induced with a recording head, as shown in Fig. 12(a) . The curve fitted in Fig. 12(b) is in agreement with the data, and suggests that the model may be applied to the readback noise properties of both recording-head-induced and bulk-induced ac erasure.
The curve fitted in Fig. 12 (6) to the data in Fig. 12 (a) differs from the curve fitted to the data in Fig. 8 in that although the value of E { M } was somewhat reduced, X had to be increased by more than a factor of two. This significant increase could be due to the greater number of induced transitions due to the larger field gradient of the head. Another interpretation is based on the treatment of signal-dependent modulation noise as a white-noise process [ l l ] , as depicted in Fig. 6 . If the high-frequency erasure due to the recording head is treated as signal writing, then the value of X should increase to the extent that demagnetizing effects in the disk limit the increase. The finite value for X in these data then indicates that demagnetization effects, as seen in Fig. 8 , are significant.
It is also noted that the effects of excess noise properties [18] are not apparent in Fig. 12 . This type of noise may be associated with track edges in thin-film media and therefore alter the noise statistics along the width of the track. Due to the similarity of the bulk-erasure and headerasure spectra, the assumption of uniform noise statistics across the width of the track is supported at the level of sensitivity of these experiments for these wide-track recording heads.
In deriving the present model, it was assumed that m ( t ) changed sign whenever any transition was encountered. In general, m ( t ) must only change in value, and not necessarily in sign, to form a source of diverging magnetization. A new analysis would need to be considered to account for this case. However, the agreement between the present model and data suggests that this effect may be observable only at significantly higher frequencies or at higher sensitivities, and that the present model accounts for much of the observed noise spectra.
VII. CONCLUSIONS It has been shown that noise in thin-film media may be induced with decaying ac magnetic fields. A comparison between the model and experiments indicates that this acerasure-induced noise in thin-film media has positional statistics along the track length which follow a Poisson process model; where the noise statistics along the track width may be assumed to be uniform, with an average value that has small variance. This noise in particulate media follows white-noise statistics, or, equivalently, follows a Poisson process with a large Poisson parameter. Values for the Poisson parameter and the effective transition amplitude have been measured experimentally for a set of thin-film and particulate disks.
APPENDIX DERIVATION OF EQUATION (6)
Let the number of transitions in the time interval ( t , t + 7 ) be k. Also, let 7 be positive, so that the length of the interval is 7. Then, the autocorrelation function is expanded into the following terms: The above expression for the autocorrelation function is valid only for positive values of 7 . If 7 is negative, the length of the time interval ( t , t + 7 ) equals -7 . Hence, for 7 < 0 Rm(7) = V { M } ex' + E { M ) 2 e 2 " ' . (15) Equation (6) follows from (14) and (15).
